4 Generated in marine environments at ~10 9 tons annually, the organosulfur compound dimethylsulfoniopropionate (DMSP) is an osmolyte and antioxidant produced by many marine phytoplankton and macroalgae, where it can accumulate to very high (~ 0.5 M) intracellular concentrations. [1] [2] [3] [4] [5] When released into the environment, DMSP is an important solute for marine microbial communities that import and catabolize it via two main pathways. [4] [5] [6] It was believed that the majority of DMSP in seawater is catabolized via the demethylation pathway, common to many marine roseobacters and the highly abundant SAR11 bacteria. This pathway involves a series of enzymes producing acetaldehyde and methanethiol (MeSH), an important microbial reduced sulfur source. 6, 7 However, this study focuses on the DMSP cleavage pathway where DMSP is cleaved by enzymes known as "DMSP lyases" to generate acrylate or hydroxypropionate, and ~10 7 tons of dimethyl sulfide (DMS) per annum.
4, 8 DMSP and DMS have important roles in marine microbial food webs
and in global sulfur cycling. DMS is a signaling molecule for some zooplankton, crustaceans, and seabirds and is potentially involved in climate regulation since DMS oxidation products are cloud condensation nuclei. [1] [2] [3] [4] Furthermore, the other DMSP cleavage products, acrylate and hydroxypropionate, are compounds of industrial importance.
Despite the environmental and industrial significance of the DMSP cleavage products acrylate and DMS, the biochemistry of the DMSP lyases is relatively understudied. There are seven distinct functional DMSP lyase enzymes identified in proteobacteria and some ascomycete fungi (DddD, DddY, DddP, DddL, DddQ, DddW and DddK), and, Alma1, only currently found in phytoplankton. [9] [10] [11] While Alma1 (Asp/Glu/hydantoin racemase), DddD lyase is not available and therefore, obtaining this highly important structure will provide insight into the bacterial cleavage of DMSP to DMS by a lyase of the cupin superfamily.
To gain mechanistic insight into environmentally relevant DMSP cleavage by cupin-domain containing DMSP lyases we sought to investigate the recently discovered DddK from SAR11 bacteria, which are the most abundant and ubiquitous clade of heterotrophic bacteria in the oceans, often comprising 30% of the surface microbial community. , and R. lacuscaerulensis DddQ (RlDddQ) with secondary structures defined above the sequence. α-helices are indicated by helical lines (not labeled), β-strands are indicated by arrows with B labels, and a roman numeral after the B indicates a β-strand in the cupin fold. Active site residues are highlighted in red. Catalytically relevant tyrosines in DddK are highlighted in green. Similar residues are in black bold characters and boxed in yellow. The secondary structure elements are from NiDddK (5TFZ) and DddQ (5JSO). The figure was made using ESPript 3.
Materials and Methods
Protein Expression and Purification. The dddK gene from SAR11 strain "Candidatus
Pelagibacter ubique HTCC1062 was optimized for expression in E. coli and cloned into the pET28a expression vector (Novagen) using restriction sites NdeI and BamHI to include an Nterminal 6 histidine tag. The DddK plasmid was transformed into E. coli BL21 DE3 cells (Life Technologies, Grand Island, NY). Cells were grown in LB media at 37 °C until cultures Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   8 reached an optical density of 0.6 at 600 nm. The temperature was lowered to 25 °C and the cells were induced with 0.5 mM isopropyl-D-thiogalactopyranoside and grown for 6 hours before harvesting by centrifugation at 4000 rpm at 4 °C. Cells were re-suspended in lysis buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 5 mM imidazole) along with phenylmethylsulfonyl fluoride. The cell suspension was sonicated for 2 min total time with 4 seconds 'on' and 15 seconds 'off'. The cell lysate was centrifuged at 20000 rpm at 4 °C for 30 min and the soluble fraction was loaded onto a column packed with 5 mL of Ni(II) -nitrilotriacetic acid agarose (MCLAB, San Francisco, CA) pre-equilibrated in lysis buffer.
The column was washed with 100 mL of lysis buffer containing 30 mM imidazole before eluting the protein in lysis buffer containing 500 mM imidazole. Fractions were analyzed by SDS-PAGE, pooled, concentrated, and loaded onto a Superdex 200 16/60 column (120 mL, GE Healthcare) pre-equilibrated in storage buffer (50 mM HEPES pH 7.5 and 100 mM NaCl). Fractions >99% purity based on SDS-PAGE were pooled and concentrated to 40 mg/mL; aliquots were stored at -80 °C until use. The final yield was 25 mg protein /g cell pellet. The DddK variants Y64A and Y122A were prepared using PCR methods and verified by DNA sequencing. The variant proteins were expressed and purified as above. The final yield of purified Y64A variant (1.24 mg protein/g cell pellet) was significantly lower than either wild-type and Y122A (19 mg protein/g cell pellet).
Preparation of apo-DddK. Concentrated as-isolated wild-type DddK and Tyr64Ala, Tyr122Ala DddK variants were dialyzed into a chelation buffer (50 mM MES pH 6, 100 mM NaCl, 5 mM EDTA) to remove any metals bound to the protein. The chelation buffer was exchanged eight times over the course of 4-5 days. After metal chelation, the protein was concentrated using an Amicon Ultra 10,000 MWCO membrane (Millipore, Billerica, MA) and then exchanged into the storage buffer. The metal content of as-isolated and apo-DddK was confirmed by inductively coupled plasma optical emission spectroscopy (ICP-OES). Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 9
Metal analysis. Protein samples were made to a final concentration of 20 µM for metal analysis by ICP-OES. Samples were prepared in a solution containing 8% protein in storage buffer, 90% water, and 2% metal-free nitric acid. Samples were analyzed for the following metals: Mn, Fe, Co, Ni, Cu, and Zn as previously described.
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UV-visible spectroscopy. UV-visible spectra were measured using a Beckman Coulter DU 720 UV-Vis spectrophotometer (Brea, CA). The spectrum of as-isolated DddK (1.2 mM) in 50 mM HEPES pH 7.5 and 100 mM NaCl was recorded from 400-800 nm. Excess dithionite (5 mM) was added to the as-isolated enzyme and the spectrum was collected again. Figure S2 were calculated by fitting the data to Eq. (1), which was modified to include the Hill coefficient. 17, [21] [22] [23] ( 1) where, V is the measured rate resulting from the binding of a metal ion to apo-DddK, V 0 is the lowest rate measured, V m is the maximum activity measured, K d is the dissociation constant, P and x are total protein and total metal ion concentrations respectively, h is the Hill coefficient, and n is the number of binding sites. gave peaks for iron and zinc at 6.40 and 8.64 keV, respectively. The data were indexed and integrated using the XDS package 24 and merged and scaled using AIMLESS. 25 Data collection and refinement statistics are summarized in Table 1 . Molecular replacement was done using PHASER 26 and 5TVE was used as a starting model. Model building and addition of ligands and waters was done using COOT.
Refinement was carried out using phenix.refine from the PHENIX software package.
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Structures containing metal ions had bond length and angle parameters generated by phenix.metal_coordination. Default refinement parameters in PHENIX were used, in addition to anomalous refinement. In Ni-DddK, TLS refinement was also used and TLS groups were defined automatically by phenix.refine. In FeZn-DddK, the protein atoms and the metals Identification of Diacrylate by Mass Spectrometry. Mass spectrometry data was collected on a Waters Q-Tof Premier using electrospray ionization in negative ion mode. Analysis was done on samples from a stock bottle of acrylic acid that was used in crystallization experiments. Peaks less than 1% of the relative peak intensity were subtracted from the displayed spectrum. Based on the ratio of intensities of acrylate to diacrylate, diacrylate accounted for 28 %.
Results and Discussion

Metal content and Spectral Properties of as-isolated DddK from Pelagibacter ubique
HTCC1062. Metal analysis indicated that purified as-isolated DddK (~MW 16.5 kDa)
consists of 40% iron, 18% zinc, 7% nickel, and 4% manganese per monomer ( Figure S1A ).
As-isolated DddK was violet color in solution and exhibited an absorption maximum at ~530 (Figure 2A ). In order to establish which Tyr residue was contributing to the LMCT band, alanine variants of tyrosine residues located in the active site (Y64A and Y122A) were generated. While Y122A
showed an absorbance maximum at ~560 nm with reduced intensity, Y64A did not exhibit any absorbance in this region (Figure 2A ), thus confirming that Tyr 64 is likely responsible for the Fe(III)-tyrosinate LMCT in DddK. with the optimum alkaline growth environment of many marine bacteria ( Figure S1B ).
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The binding affinities of DddK for various metal ions were determined from enzymatic activity measurements using varying concentrations of metal ions at saturated DMSP concentration ( Figure S2 Figure 2C ).
The DMSP concentration dependence on DddK activity followed Michaelis-Menten kinetics at pH 8.5 and room temperature. In the presence of Ni(II), DddK catalyzed the cleavage of DMSP with a K m for DMSP of 5.1 ± 0.4 mM and k cat of 3.1 ± 0.1 s -1 ( Figure 2D ).
This K m value is within the range reported for DMSP lyases (0.4-22 mM) in the literature. Overall structure of DddK. DddK is the first cupin-fold containing DMSP lyase for which the structure of a highly active enzyme has been determined. The crystal structures of two different forms of DddK are determined, both obtained by crystallizing the as-isolated enzyme. The Ni-DddK structure determined at 2.2 Å, contains two molecules in the asymmetric unit with catalytic Ni(II) present at the active site along with a bound diacrylate (2-carboxyethyl acrylate) molecule ( Figures 3A, 3B ). Further investigation suggested that diacrylate is a dimerization product of acrylate and is a common contaminant found in acrylic acid. The mass spectrum of a sample from stock acrylic acid used in crystallization experiments showed a peak for diacrylate at m/z 143.0356, which accounted for ~ 28% of the total sample ( Figure S3 ). While Ni-DddK crystals were soaked with the product acrylate, the acrylate-bound species was not observed in the crystal and instead the relatively minor contaminant diacrylate was preferentially bound in the structure. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 density (blue mesh), contoured at 6 σ, showing the location of iron and zinc in the FeZnDddK structure. Protein residues are shown as magenta sticks: carbon in protein backbone color, oxygen in red, and nitrogen in blue. Iron (rust) and zinc (gray) are shown as spheres.
The as-isolated DddK protein contained only 7% Ni based on ICP-OES analysis, however, nickel was found in the crystal at 100% occupancy. The presence of nickel was confirmed by the appearance of a Ni peak at 7.48 keV in a fluorescence emission scan of the crystal used for data collection ( Figure S4A) . Furthermore, solution studies including sizeexclusion chromatography and dynamic light scattering of DddK predict a dimer (~28 kDa), which is also observed in the crystal structure. A large network of van der Waals and hydrogen bonding interactions are involved in stabilizing the dimer interface ( Figure 3C ).
The dimer interface buries about 1560 Å 2 between both chains and contains 21 hydrogenbonding interactions. 
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The second structure (FeZn-DddK) solved at 1.44 Å resolution contains only one molecule in the asymmetric unit and has iron and zinc bound in the active site at different occupancies (0.6 Fe and 0.4 Zn in the crystal), which is slightly different from that observed in ICP-OES analysis ( Figure 3D ). The fluorescence scans on the crystal showed clear signals for iron (6.40 keV) and zinc (8.64 keV) ( Figure S4B ). This is not surprising, given that metal analysis of as-isolated protein showed the presence of 40% Fe and 20% Zn bound to DddK. However, because of a large sampling error in crystallography, it is also possible to obtain a crystal with only one metal population (as observed in Ni-DddK structure) or mixed metal populations.
Nonetheless anomalous density clearly shows the location of 2 distinct metal ion sites with partial occupancies ( Figure 3D ) and the as-isolated protein is slightly active due to zinc and nickel ( Figure 2B ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   23 for DMSP lyase activity. In FeZn-DddK, anomalous density revealed clearly the positions of iron and zinc at the active site ( Figure 3D ). The distance between the iron and zinc atoms is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   24 water) have slightly smaller distances than the axial ligands (His 56 and Glu 62), which is expected for the trigonal bipyramidal geometry.
In the active Ni-DddK structure, the ligands coordinated to the Ni(II) are His 56, His 58, Glu 62, His 96, and the carboxylate group of diacrylate, which are all at distances within 2.1-2.7 Å from the nickel center. Glu 62 coordinates in a monodentate fashion while the diacrylate is bound in a bidentate binding mode, resulting in a 6-coordinate metal center with octahedral geometry ( Figure 4D ). The binding of three histidines to the metal center along with a monodentate glutamate has not been observed previously with any reported DddQ structures. 18, 19 In the Ni-DddK structure, the equatorial ligands (His 58, His 96, and diacrylate) had slightly shorter metal coordination distances than the axial ligands (His 56
and Glu 62), similar to that observed for the Fe(III) site in FeZn-DddK structure. A superposition of both structures shows that nickel occupies the same position as zinc ( Figure   4E ). The presence of diacrylate in the Ni-DddK structure does not allow Tyr 64 to bind to the Ni(II) center. This structure of the catalytically competent diacrylate bound Ni-DddK mimics the substrate bound form of the enzyme. Since Ni(II) has the maximum activity among all metal ions examined, therefore the preferred metal coordination geometry in presence of substrate for optimal DMSP lyase activity is octahedral. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 27 mechanism with the iron position mimicking the resting state and the nickel/zinc position representing the active form of DddK. Figure   4D ). Our hypothesis is that in the resting state, in absence of substrate Tyr 64 is deprotonated and coordinates to the Ni(II) center, as observed in the iron-bound DddK structure ( Figures   4B, 7 ). 
Intramolecular interactions at
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In the presence of the substrate, Tyr 64 moves to a catalytic transition state causing it to no longer coordinate the Ni(II) center. In the catalytic transition state of Ni-DddK, both Tyr 64
and Tyr 122 help anchor the carboxylate end of diacrylate to the Ni(II) center. Because of the metal coordination and close proximity of Tyr 64 to the electrostatically positive nickel center (3.9 Å), the pKa is most likely lowered producing the deprotonated form ready to initiate catalysis. This type of "tyrosine switch" mechanism has been previously described for zinc containing serralysins and astacins. 58, 59 Alternatively, it is possible that the activation of Tyr 64 promoting it to the anionic state could be achieved by neighboring His 96 ( Figure   5A ). The possible involvement of a histidine in aiding the deprotonated state of a nearby tyrosine has been proposed on the basis of a DMSP-bound structure of Fe(III)-DddQ. Figure 7 ) as observed in the diacrylate bound Ni-DddK structure.
However, DMSP can also bind to the metal center in a monodentate fashion as seen in the previously published DMSP-bound Fe(III)-DddQ structure. 19 Both monodentate and Figure S5 ). In this arrangement, the tyrosinate oxygen atom of Tyr 64 is positioned at 3.6 Å from the C2-carbon of DMSP and is poised for proton abstraction (III, Figure 7 ). Since no water molecule was observed in the hydrophobic active site of Ni-DddK, it indicates that Tyr 64 is directly acting as a Lewis base to initiate the β-elimination reaction. The tyrosinate oxygen of Tyr 64 attacks a hydrogen on the C2-carbon of the substrate, thereby cleaving the C3-carbon-sulfur bond, subsequently releasing DMS and forms acrylate (IV, Figure 7 ).
Conclusions
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